the morphology and staining pattern of these cells sugcould be identified by E12.5 (data not shown). The nascent TAP motor neurons were difficult to classify as gest that they represent glial cells. An occasional TAP glial cell was found in the ventral spinal cord ( Figure 3G ).
MMC or LMC neurons because of their continued migration within the spinal cord at these times. We therefore analyzed TAP motor neurons at E13.5, after motor neu-TAP Motor Neurons Constitute Subsets of the MMCm and the LMCl rons have settled close to their final positions within the spinal cord ( Figure 4 ). To understand the potential role of TWH in the development of spinal cord neurons, we examined its pattern
The location of TAP motor neurons in the E13.5 spinal cord was similar to that found at E18.5. TAP motor neuof expression at earlier stages. TWH is initially expressed throughout the neuroepithelium of the developing spinal rons constituted subsets of both the MMC and LMC ( Figures 4A-4D ). At thoracic levels, the MMC can be cord ( Figure 1J ; data not shown). TWH is therefore expressed in all neural progenitors that will give rise to divided into a medial and lateral subdivision. Motor neurons in the medial MMC (MMCm) project to axial musmotor neurons and ventral interneurons. TAP motor neurons could be identified among the newly generated cles derived from the dorsal mesenchyme, while motor neurons found in the lateral MMC (MMCl) project to axial motor neurons by E10.5-E11.5, and TAP interneurons , TWH (ϩ/Ϫ) , and TWH (Ϫ/Ϫ) mice, using the probe shown in (A). (C) TWH (Ϫ/Ϫ) mutant mice fail to thrive postnatally. Mice from TWH ( ϩ/Ϫ) heterozygous matings were followed for 18 weeks, with animals weighed at weekly intervals. Mice were genotyped at 1 week of age. No difference in weight was found at birth, but differences were readily apparent by 1 week of age. After the TWH ( Ϫ/Ϫ) mutant mice were weaned at 3-4 weeks, they grew at a normal rate. Data of the WT animals are not shown but were similar to the TWH (ϩ/Ϫ) heterozygote data. mutant mice were found at the end of gestation (E18.5), but less than half of the expected numbers were found by P7-P14. muscles derived from the ventral mesenchyme (Gutman motor column subsets. Chick LMCl motor neurons, but not LMCm motor neurons, express Lim-1 (Tsuchida et et al., 1993; Tsuchida et al., 1994) . In the chick, motor neurons of the MMCm can be distinguished from those al., 1994). TAP LMC motor neurons, as well as other motor neurons in the lateral LMC, stained with pan-Islet of the MMCl by their expression of the LIM homeobox transcription factor Lim-3 (Tsuchida et al., 1994) . . Thus, TAP LMC motor neurons express markers characteristic for LMCl motor nary studies indicate that this same pattern of LIM gene expression distinguishes motor neurons in the mouse neurons. (Pfaff and Jessell, unpublished data). We found that at thoracic levels, TAP motor neurons were located in the TAP Motor Neurons Are Confined to Specific Spinal Cord Segments medial half of the MMC ( Figure 4B ), and that they, similar to other medial MMC motor neurons, expressed Motor neurons of the medial motor column are distributed along the entire length of the spinal cord, with their ( Figures 5A-5C ).
The LMC can also be divided into medial and lateral greatest numbers concentrated at thoracic and cervical levels. LMC motor neurons are restricted to the lower subgroups, with motor neurons in the medial LMC subdivision projecting to ventral mesenchyme-derived limb cervical (brachial) and lumbar levels, with peak numbers located at midbrachial and midlumbar levels (Hollyday muscles and motor neurons in the lateral LMC subdivision projecting to dorsal mesenchyme-derived limb and Hamburger, 1977) . We surveyed E13.5 and E18.5 spinal cords to determine the A-P distribution of TAP muscles. TAP motor neurons were positioned in the lateral half of the LMC, suggesting that they formed a motor neurons. TAP motor neurons found in the medial motor column were concentrated at thoracic and lumbar subset of the LMCl ( Figure 4C ). We again used antibodies to chick LIM homeobox factors to distinguish these levels ( Figures 4B-4D ). Very few TAP motor neurons were found at cervical or sacral levels (Figures 4A and Several muscles, including the quadriceps femoris, pectineus, and adductors, have their motor neurons located 4I; data not shown). TAP motor neurons therefore constituted a limited subset of the MMC along the A-P axis.
within the L1-L3 levels (McHanwell and Biscoe, 1981) . Among these, the motor neurons that innervate the TAP motor neurons of the lateral motor column demonstrated an even more restricted pattern of distribuquadriceps femoris occupy the most ventrolateral region of the LMC, the same position occupied by TAP tion. TAP LMC motor neurons were exclusively located in only one of the two groups of LMC motor neurons, LMC motor neurons. TAP LMC motor neurons may therefore represent the quadriceps femoris motor neunamely, the lumbar group ( Figures 4A, 4C , and 4I). In addition, although the lumbar LMC extends from L1-L5 ron pool. No studies have been carried out on the motor neuron pools of thoracic axial muscles of the mouse. at E18.5 and from L1-L6 at E13.5 (Lance-Jones, 1982), TAP motor neurons were confined to the L1-L3 segComparisons with the pattern of thoracic axial motor neuron pools of the rat suggest that TAP thoracic motor ments ( Figures 4C and 4D) .
The limited distribution of TAP motor neurons along neurons may represent the motor neuron pool for the longissimus, iliocostalis, or levator costae muscles the A-P axis resembles the pattern described for motor neuron pools. Retrograde labeling studies have demon- (Smith and Hollyday, 1983 Hollyday, 1980; Landmesser, 1980) . birth. They were born at the expected frequency and (Tsuchida et al., 1994) . Yellow: Isl-1, Isl-2, Lim-3; red: Isl-1, Isl-2; and green: Isl-2, Lim-1. The location of TAP motor neurons within the different motor column is shown in blue. The thickness of the blue band indicates the relative size of the TAP motor neuron population at the different levels. TAP motor neurons were found in the MMC m, primarily at thoracic and lumbar levels, and in the LMCl but only at lumbar (L1-L3) levels. Arrows point to TAP motor neurons; arrowheads point to TAP interneurons. Scale bars ϭ 25 m. Dorsal, ventral, lateral, and medial orientations are indicated.
were of normal weight and size. Postnatally, differences attempt to escape and only responded by vocalization. Additionally, some TWH (Ϫ/Ϫ) mutants displayed a broad between the TWH (Ϫ/Ϫ) mutant and their normal littermates quickly became apparent. Most TWH (Ϫ/Ϫ) mubased gait ( Figure 6A ) and an abnormal clutching reflex ( Figure 6C ). No sensory deficits were detected in the tant pups died within 48 hr of birth, with additional increased mortality over the first 2 weeks ( Figure 2D ).
TWH (Ϫ/Ϫ) mutant mice. Responses to either a noxious (tail pinch assay) or a thermal stimulus (tail flick and hot TWH (Ϫ/Ϫ) mutant pups had a markedly reduced rate of growth; by P7, TWH (Ϫ/Ϫ) mutant animals were half the plate assays) were normal (data not shown).
Motor strength was evaluated by a modified grasp weight of their normal littermates ( Figure 2C ). This reduction in growth rate persisted until the pups were weaned test. Animals were placed onto a horizontal rod, which they grasped with all four limbs. Mice were scored acto solid food (3-4 weeks). TWH (Ϫ/Ϫ) mutant mice consumed normal amounts of solid food per gram of body cording to the length of time that they could support their weight from the rod. This test assessed motor strength in weight, and their growth rate paralleled that found in TWH (ϩ/Ϫ) heterozygote and WT mice after 4 weeks of age both fore-and hindlimbs as well as the trunk. Most WT and TWH (ϩ/Ϫ) heterozygote mice supported their weight ( Figure 2C ; data not shown). However, TWH (Ϫ/Ϫ) mutant mice never completely recovered from their initial for 60 s or more, while 80% of the TWH (Ϫ/Ϫ) mutant mice failed to support their weight for Ͼ20 s ( Figure 6D ). No growth retardation and always remained smaller than their littermates. TWH (Ϫ/Ϫ) mutant animals that survived differences were noted in motor strength upon repeated testing over 4 months. TWH (Ϫ/Ϫ) mutant animals that had the perinatal period appear to have a normal life span and were fertile. a poor grasp time at an early age continued to have a poor time at older ages, while the few TWH (Ϫ/Ϫ) mutant TWH (Ϫ/Ϫ) mutant mice were noted to have decreased gross motor activity; they explored their cage less often animals that could initially support their weight for 60 s or more remained strong. Because all of the animals and did not move as rapidly as their normal littermates. WT and TWH (ϩ/Ϫ) heterozygote mice darted away when were growing progressively larger over this period, we could conclude that the size of the mice was not a touched, while some TWH (Ϫ/Ϫ) mutant mice made no variable that affected their strength. These findings sugbetween the TWH (ϩ/Ϫ) heterozygote and TWH (Ϫ/Ϫ) mutant brains before E12.5. ␤-galactosidase activity was inigest that the TWH (Ϫ/Ϫ) mutant mice have a neuromuscular deficit. We cannot exclude the possibility that the tially expressed throughout the neuroepithelium, posterior to the future telencephalon ( Figure 1J ; data not mutant mice also have localized sensory deficits.
shown). After E12. Figures 1B, 1E , and 1H) and to in situ hybridization studies of WT tissues ( Figures 1A, 1D , and between the TWH (Ϫ/Ϫ) mutant and TWH (ϩ/Ϫ) heterozygous E18.5 spinal cords. In the TWH (Ϫ/Ϫ) mutant spinal 1G). Staining patterns were similar, indicating that the lacZ reporter identifies in the TWH (Ϫ/Ϫ) mutant the same cord, the ventromedial columns of TAP cells were less prominent, and there was an increased level of ␤-galacpopulation of cells that expresses TWH in WT and heterozygous embryos.
tosidase activity throughout the spinal cord ( Figure 3B ). The decreased prominence of the ventromedial columns No differences in the pattern of TAP cells were found (Table 1) . At lumbar levels, little difference and 3C). Double-labeling studies revealed that the scattered TAP neurons represented TAP interneurons; TAP was found in the sizes of the TAP MMC motor neuron and TAP interneuron populations (Table 1) . However, MMC motor neurons were still located within the TWH (Ϫ/Ϫ) mutant ventral horn ( Figure 3H ; data not there was a 36% increase in TAP LMC motor neurons and a 16% decrease in non-TAP LMC motor neurons in shown). No gross changes were found in the position of the TAP motor neurons of the TWH (Ϫ/Ϫ) mutant lumbar the TWH (Ϫ/Ϫ) mutant (Table 1) . LMC ( Figures 3F and 4F) .
The increased level of ␤-galactosidase activity in the The Changes in TAP Motor Neuron Numbers in the TWH (Ϫ/Ϫ) Mutant Mice TWH (Ϫ/Ϫ) mutant spinal cord was due to an increased number and broader distribution of TAP glial cells. Most Are Present at E13.5
The changes in TAP neuron numbers found at E18.5 TAP glial cells were concentrated in the dorsal gray matter, similar to their position within the TWH (ϩ/Ϫ) hetcould reflect alterations in the generation or survival of these cells in the TWH (Ϫ/Ϫ) mutant. Motor neurons are erozygote spinal cord ( Figures 3D and 3F) . However, numerous small TAP cells were also found throughout generated between E9-E11.5 (Nornes and Carry, 1978; Altman and Bayer, 1984) . Approximately half of these the ventral gray and white matter of the TWH (Ϫ/Ϫ) mutant spinal cord ( Figures 3D, 3F, and 3H) . motor neurons subsequently undergo programmed cell death between E14 and birth (Lance-Jones, 1982). Motor neuron survival may be mediated by processes that The TWH (Ϫ/Ϫ) Mutant Has Changes in the Size of the TAP Motor Neuron Populations at Birth regulate their access to trophic factors (reviewed by Oppenheim, 1991) . We examined TWH (Ϫ/Ϫ) mutant spinal The pattern of TAP motor neurons was similar between the TWH (Ϫ/Ϫ) mutant and TWH (ϩ/Ϫ) heterozygote animal. cords at E13.5, after the completion of motor neuron generation, and before the period of apoptosis, to as-TAP MMC motor neurons were again predominantly found at thoracic and lumbar levels, and TAP LMC motor sess which process was affected by the TWH mutation. Cell counts at E13.5 were determined for the upper thoneurons were limited to the L1-L3 levels ( Figures 4E-4H ). TAP motor neurons were again located in the medial racic and upper lumbar spinal cord (Table 1) . The same pattern of changes found in TAP motor half of the thoracic MMC ( Figure 4F ) and in the lateral half of the lumbar LMC ( Figures 4G and 4H) . TAP motor neuron numbers at E18.5 were present at E13.5. There was a 49% decrease in thoracic TAP MMC motor neuneurons also expressed LIM markers characteristic for the MMCm or LMCl subsets ( Figures 5E, 5F , and 5J-5L).
rons and a 52% increase in lumbar TAP LMC motor neurons in the TWH (Ϫ/Ϫ) mutant (Table 1) . The increase However, there appeared to be changes in the number of TAP motor neurons and TAP interneurons in the TWH (Ϫ/Ϫ) in TAP LMC motor neurons was again associated with a decrease in the non-TAP LMC motor neuron populamutant compared to the TWH (ϩ/Ϫ) heterozygous spinal cord at E18.5 ( Figures 3D, 3F , and 3H versus Figures tion. To determine which LMC subpopulation (LMCm versus LMCl) was affected by the TWH (Ϫ/Ϫ) mutation, we 3C, 3E, and 3I). We therefore counted TAP motor neuron, TAP interneuron, and total motor neuron numbers in the used the LIM markers to separately identify these two groups. No difference was found in the LMCm popula-E18.5 ventral horn.
There was a 62% reduction of TAP thoracic motor tion, but the non-TAP LMCl subpopulation was reduced The results of total counts of motor neurons, TAP (TWH-active promoter) motor neurons, and TAP interneurons found in every fourth section of E13.5 and E18.5 upper thoracic (T1-T3 at E18.5; T1-T4 at E13.5) and upper lumbar (mid-L1 to mid-L3 at E18.5; L1-L3 at E13.5) spinal cords are shown. Sections were stained for both motor neuron markers (acetylcholinesterase activity at E18.5; pan-Islet antibody at E13.5) and ␤-galactosidase activity. Non-TAP motor neuron numbers were determined by subtracting TAP motor neuron number from total motor neuron numbers. LMCl motor neurons were identified by staining with T4 (Lim-1/2) and K5 (pan-Islet) and their location within the ventral horn (T4 also identifies interneurons). LMCm motor neuron numbers were determined by subtracting LMCl motor neuron numbers from total LMC motor neuron numbers or by counting darkly stained K5 motor neurons (which represent Isl-1 ϩ Isl-2 ϩ cells). Both methods identified the same population. Total motor neuron numbers of TWH (ϩ/Ϫ) heterozygous spinal cords were found to be similar to WT numbers. At E13.5, total WT thoracic, medial lumbar, and lateral lumbar motor neuron numbers were 2298 Ϯ 162, 1098 Ϯ 12, 2162 Ϯ 54, respectively; at E18.5, total motor neuron numbers were 506 Ϯ 26, 231 Ϯ 9, and 725 Ϯ 27, respectively. Two WT spinal cords were counted at E13.5 and E18.5. SDs and P values between TWH (ϩ/Ϫ) and TWH (Ϫ/Ϫ) values are shown. P values Ͻ0.05 are marked (*). mn, motor neurons.
by 48% (Table 1 ). These findings suggest that the Discussion TWH (Ϫ/Ϫ) mutation led to a change from non-TAP LMCl to TAP LMCl motor neurons.
WH Genes and Neural Development
The TWH gene is a member of the winged helix family Because the changes in TAP and non-TAP motor neuron numbers were present before the period of motor of transcription factors that plays an important role in the development of the spinal cord. Several WH family neuron apoptosis, they most likely reflect changes in the generation of these motor neurons in the TWH (Ϫ/Ϫ) members have been found to serve essential functions during neural development. BF-1 and BF-2 show commutant. No evidence for an earlier onset of apoptosis was detected in E11.5-E13.5 TWH (Ϫ/Ϫ) mutant spinal plementary patterns of expression in the developing brain and eye (Tao and Lai, 1992) . BF-1 (Ϫ/Ϫ) mutant mice cord by the TUNEL method (Gavrieli et al. 1992 ) (data not shown).
have a markedly reduced cerebral cortex due to decreased proliferation and premature differentiation of the telencephalic progenitor cell (Xuan et al., 1995) . HNF-
TWH (Ϫ/Ϫ) Mutants Have an Increased Number of TAP Interneurons at E13.5
3␤ is necessary for the formation of node and notochord structures. Consequently, floor plate and motor neurons To better understand the reduction in TAP interneurons found at E18.5, we determined their numbers at an eardo not develop in the neural tubes of HNF-3␤ (Ϫ/Ϫ) mutant mice (Ang and Rossant 1994; Weinstein et al. 1994) . lier age. We chose to count TAP interneurons at E13.5, as nearly all interneurons have been generated by this TWH is initially expressed in the neuroepithelium of the developing spinal cord. By midgestation, TWH extime (Nornes and Carry 1978) . In contrast to the findings of the thoracic TAP motor neuron population, there was pression is restricted to specific subsets of neural cells in the spinal cord (TAP cells), including motor neurons a 42% increase in the thoracic TAP interneuron population in the TWH (Ϫ/Ϫ) mutant compared to the TWH (ϩ/Ϫ) and ventral interneurons. We have found that animals with a disruption of the TWH gene have alterations in heterozygote at E13.5 ( Also consistent with this hypothesis is the aberrant posifor the specification or earliest development of motor neurons (Pfaff et al. 1996) , TWH was not required for tion of the TAP cells in the TWH (Ϫ/Ϫ) mutant. Neurons settle at specific positions in the spinal cord, with earlythe specification of TAP motor neurons or other TAP cells. All of the different TAP populations were present born cells generally settling in the ventral spinal cord and later-born populations settling in progressively in TWH (Ϫ/Ϫ) mutant animals. However, we found alterations in the sizes of all of the TAP motor neuron populamore dorsal positions (Nornes and Carry 1978; Altman and Bayer 1984) . The increased number and more dorsal tions as well as in the number of TAP interneurons and TAP glial cells in the TWH (Ϫ/Ϫ) mutant. Furthermore, the position of TAP interneurons suggest that more cells were born at later times in the TWH (Ϫ/Ϫ) mutant. The position of the TAP interneurons and TAP glia was aberrant in the mutant spinal cord. We also found that the recent report that a novel WH factor mediates the transcriptional response to an activin signal (Chen et al., lumbar non-TAP LMCl motor neuron population was reduced by nearly 50%. This indicates that the entire 1996) raises the possibility that TWH may be required for spinal cord progenitors to respond to signaling moleLMCl population from L1-L3 was drastically changed by the TWH mutation. Thus, the disruption of TWH affects cules of the TGF-␤ superfamily. Several members of this family are known to function in dorsoventral patterning populations of neurons other than TAP neurons, suggesting that there may be more widespread disturof the spinal cord (reviewed by Tanabe and Jessell, 1996) . bances in other populations of spinal cord neurons in addition to the changes that we observe in the TAP neurons. Motor weakness in the TWH (Ϫ/Ϫ) mutant mice TWH Identifies Unique Subsets of Motor Neurons may therefore reflect the combined effects of perturbaWe have found that TWH expression identifies distinctions in the TAP and non-TAP neuronal populations.
tive subsets of motor neurons. Several studies have We found that the size of the TAP motor neuron popudemonstrated that the MMC and LMC and their medial lations in the TWH (Ϫ/Ϫ) mutant spinal cord was altered and lateral subdivisions can be identified by their exby E13.5, before the onset of the period of motor neuron pression of particular combinations of LIM homeobox apoptosis (Table 1) . This is consistent with TWH playing genes (Tsuchida et al. 1994; Appel et al. 1995) . We found a role in regulating the generation of these motor neuthat TAP motor neurons were exclusively in the MMCm rons. We did not find any evidence for a change in the and LMCl motor columns. Motor neurons of the MMCm time of onset of apoptosis in the TWH (Ϫ/Ϫ) mutant spinal project their axons to dorsally derived axial muscles. cord. Because apoptotic cells are rapidly cleared, only
Motor neurons of the LMCl project their axons to hip a fraction of the dying motor neurons can be detected girdle and limb muscles derived from the dorsal mesen- (Lo et al. 1995) . We therefore cannot exclude the possichyme. Thus, TWH expression in the MMC and LMC bility that TWH also regulates the survival of TAP motor identified motor neurons that innervated dorsal targets. neurons. It is likely that TWH functions in the survival
The pattern of TWH expression differed in several of the TAP interneurons, as their numbers declined in respects from that of the LIM homeobox proteins. TAP the TWH (Ϫ/Ϫ) mutant between E13.5-E18.5 (Table 1) . motor neurons represented only a subset of the MMCm Because TWH is expressed in neural progenitor cells, and LMCl along both the transverse and A-P axis. The TWH could regulate the size of the different TAP popularestricted distribution along the A-P axis was most aptions by affecting the proliferation of this progenitor.
parent with the TAP LMCl subpopulation. LMCl motor However, while the TAP MMC population was deneurons, as identified by the LIM factor Lim-1, were creased, the TAP LMC motor neuron, TAP glial cell, and found at cervical and lumbar levels, but TWH expression initially, TAP interneuron populations were increased in specifically identified lumbar LMCl motor neurons. Althe TWH (Ϫ/Ϫ) mutant. These findings indicate that if TWH though cervical and lumbar LMC motor neurons innerregulates the proliferation of the TAP progenitor, then vate limb muscles, their target muscles serve different it must enhance proliferation in some progenitors while functions (i.e., weight bearing in hindlimbs versus feedinhibiting the proliferation of others.
ing in forelimbs). The differences between their target Alternatively, the changes found among the different muscles suggests that differences will be found be-TAP neural subtypes in the TWH (Ϫ/Ϫ) mutant suggest tween these two LMC motor neuron subsets. TWH is that TWH regulates the differentiation of the TAP prothe first example of a marker that can distinguish lumbar genitor cell. Motor neurons are the first major spinal cord population born, followed by interneurons, and from cervical LMC motor neurons. (Hockfield and McKay, 1985) , cyn-1 mouse anti-neuronal marker
The restriction of TWH expression to the lumbar and (reviewed by Tanabe and Jessell, 1996) . During developantibody and their position within the spinal cord (Tsuchida et al., ment, the Hox genes may restrict TWH gene expression 1994 gests that TWH may function in the specification of the We counted cells as motor neurons if they were located in the ventral horn, had a large nucleus surrounded by visible cytoplasm, more distal pathway choices, such as those required and expressed acetylcholinesterase activity in the cytoplasm at to reach the target muscle of individual motor neuron E18.5, or stained for K5 at E13.5. TAP motor neurons were counted pools.
if they met the criteria for motor neurons and stained for ␤-galactosidase activity. TAP interneurons were counted if they were located Experimental Procedures in the ventral half of the spinal cord, had a large nucleus, stained for ␤-galactosidase activity, and did not stain for motor neuron Generation of the TWH (Ϫ/Ϫ) Mutant Mouse markers. Staining studies demonstrated that these cells stained for Genomic 129-SVJ clones containing the TWH gene were isolated the neuronal marker cyn-1 and did not stain for glial markers GFAP from a FixII library (Stratagene). LacZ and pGKNeo cassettes were or nestin. Motor neurons, TAP motor neurons, and TAP interneurons used to replace the TWH BD as previously described (Hatini et had a similar size nuclei at E13.5 and E18.5. Adjacent sections were al. 1996), and an HSV-TK cassette was added 5Ј to the targeting stained only for motor neuron markers or only for ␤-galactosidase sequences. A 10 kb TWH fragment was used as the 5Ј targeting activity. These adjacent sets were then counted for motor neurons arm, and a 0.9 kb fragment as the 3Ј arm. The targeting vector was or TAP neurons, respectively, to verify the accuracy of the doubletransfected into W9.5 ES cells, and transfectants were selected with staining counts. Both sides of the spinal cord were counted, and G418 (350 g/ml) and FIAU (50 pM) as previously described (Kontgen no correction was made for split nuclei. At each age, the same and Stewart, 1993).
number of sections were counted for WT, TWH ( ϩ/Ϫ) , and TWH (Ϫ/Ϫ) mutant spinal cords. Positions were identified by counting the dorsal root ganglia and confirmed by analyzing the pattern of the motor Histology and ␤-Gal Staining columns (i.e., LMC versus MMC). Embryos were obtained from timed pregnancies, with noon of the plug date defined as E0.5. Embryos were fixed in 4% paraformaldehyde and processed for paraffin and cryostat sectioning as preIn Situ Hybridization viously described (Xuan et al., 1995) . Paraffin sections (8 m) and Cryostat sections were processed for in situ hybridization using 10-15 m cryostat sections were collected on superfrost slides digoxigenin-labeled or 33 P-labeled RNA probes as previously de-(Fisher).
scribed (Wilkinson, 1992; Xuan et al., 1995) . A plasmid containing Whole-mount and tissue staining for ␤-galactosidase activity was 600 bp from the 3Ј portion of the TWH cDNA was linearized and performed according to standard techniques (Hogan et al., 1994) .
transcribed with T7 RNA polymerase using digoxigenin-labeled To compensate for the difference in copy number of the lacZ gene, (Boehringer Mannheim) or 33 P-labeled nucleotides (NEN). Probes TWH ( ϩ/Ϫ) heterozygous tissues were stained for more than twice as were detected with anti-digoxigenin antibody (Boehringer Mannlong as TWH (Ϫ/Ϫ) mutant tissues for ␤-galactosidase activity. Secheim) or by exposure to Kodak NTB-2 nuclear emulsion for 5-7 days tions were counterstained with nuclear fast red or cresyl violet.
at 4ЊC followed by Kodak D-19 developer. Sections were counterstained with hematoxylin and eosin. Immunohistochemistry Cryostat sections were processed for immunohistochemistry stud-
Behavioral Analysis
Motor strength was assayed on mice 4 weeks of age and older by ies as previously described (Xuan et al., 1995) . Primary antibodies were K5 rabbit anti-Islet (Isl-1/Isl-2) (Tsuchida et al., 1994) , T4 rabbit a modification of a grasp strength test (Lee et al., 1994) . Animals supported their weight by holding onto a horizontal rod with all four anti-Lim-1/Lim-2 (Tsuchida et al., 1994) , rabbit anti-Lim-3 (Ericson and Jessell), rabbit anti-GFAP (Dako), Rat-401 mouse anti-nestin limbs and were scored according to the length of time that they remained suspended. The best score of three trials was used, and Hatini, V., Huh, S., Herzlinger, D., Soares, V.C., and Lai, E. (1996) . Essential role of stromal mesenchyme in kidney morphogenesis mice were retested on separate days. At least one tester was blinded as to the mouse's genotype. Sensory tests were carried out on revealed by targeted disruption of Winged-Helix transcription factor, BF-2. Genes Dev. 10, 1467-1478. animals prior to their being genotyped. Response to noxious stimuli was assayed by the tail pinch test (Crowley et al., 1994) , and 22 TWH (Ϫ/Ϫ) were studied; classes in the developing mammalian nervous system. J. Neurosci. all responded by vigorous squirming and vocalization. Response to 5, 3310-3328. thermal pain was assayed by a tail flick assay (55ЊC) and a hot plate Hogan, B., Beddington, R., Constantini, F., and Lacy, E. (1994) . In assay (52ЊC) carried out on 4-to 6-week-old mice (Crowley et al.
Manipulating 
